Murine rodents are excellent models for study of adaptive radiations and speciation. Brown Norway rats (Rattus norvegicus) are successful global colonizers and the contributions of their domesticated laboratory strains to biomedical research are well established. To identify nucleotide-based speciation timing of the rat and genomic information contributing to its colonization capabilities, we analyzed 51 whole-genome sequences of wild-derived Brown Norway rats and their sibling species, R. nitidus, and identified over 20 million genetic variants in the wild Brown Norway rats that were absent in the laboratory strains, which substantially expand the reservoir of rat genetic diversity. We showed that divergence of the rat and its siblings coincided with drastic climatic changes that occurred during the Middle Pleistocene. Further, we revealed that there was a geographically widespread influx of genes between Brown Norway rats and the sibling species following the divergence, resulting in numerous introgressed regions in the genomes of admixed Brown Norway rats. Intriguing, genes related to chemical communications among these introgressed regions appeared to contribute to the population-specific adaptations of the admixed Brown Norway rats. Our data reveals evolutionary history of the Brown Norway rat, and offers new insights into the role of climatic changes in speciation of animals and the effect of interspecies introgression on animal adaptation.
Introduction
A fundamental goal in evolutionary biology is to elucidate the interaction between adaptation and speciation in generating biological diversity (Wolf et al. 2010; Fitzpatrick et al. 2015) . Although, in the past few years, genetic or genomic variations to explain adaptation and speciation have been reported in a few animal cases (Coyne and Orr 2004; Noor and Feder 2006; Schluter 2009; Li et al. 2015; Li et al. 2016; Marques et al. 2016; Martinez Barrio et al. 2016) , we are still far from deciphering the genomic basis underlying these two processes (Henning and Meyer 2014) .
Murine rodents, including the genera Rattus and Mus, have genetically adapted to a range of environmental conditions, and they provide an exciting opportunity for study of diverse adaptive radiations and speciation (Verneau et al. 1998; Rowe et al. 2011) . The Brown Norway rat (Rattus norvegicus, BN rat), assumed to have evolved on the plains of Northeast China and Mongolia (Silver 1937; Southern 1964; Ness et al. 2012) , has spread throughout the world on account of its close association with humans (Robinson 1965) . It can colonize any area rapidly with an adequate supply of food and water source (Kurta 1995) , and thus it is regarded as the most adaptable mammal on the earth after humans (Fragaszy and Perry 2003) . It is notorious for damaging agricultural crops and for transmission of infectious diseases to mankind due to its commensal relationship with humans in both native and introduced regions (Gibbs et al. 2004; Lin et al. 2012 ). Yet, paradoxically, the rat has made invaluable contributions to human health research. It is the first animal species domesticated for purely scientific reasons and has become a vital model organism with more than 500 laboratory strains for life sciences and biomedical purposes for over 150 years (Jacob 1999; Aitman et al. 2008) . Although the phylogeny of the BN rat has been reconstructed using limited mitochondrial gene or LINE-1 retrotransposon sequences (Verneau et al. 1998; Rowe et al. 2011; Chingangbam et al. 2015) , the reliable time frame for when BN rats became a separate species (Verneau et al. 1998; Pages et al. 2010) , and the genomic Article ß The Author 2017. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com
Open Access information underlying their colonization capabilities still remain unclear. The Himalayan field rat (R. nitidus, HF rat) is a sibling species of the BN rat (Verneau et al. 1998; Pages et al. 2010) . In contrast to worldwide distribution of BN rats, HF rats have geographically restricted to Southeast Asia, southern and eastern China, and the Himalayan range (Aplin et al. 2008; Smith et al. 2008) , and they are found exclusively in hilly regions especially in various types of forests and cropland (Aplin et al. 2008) . Thus far, no genomic information on the HF rat has been reported, and this has hindered a comprehensive understanding of the evolutionary history and speciation of the commonly used BN rat species.
Genetic variation introduced via introgression from closely related species play an increasingly important role in fueling adaptation of some animal species (Abi-Rached et al. 2011; Song et al. 2011; Miller et al. 2012; Liu, Steinberg et al. 2014; Ai et al. 2015; Lamichhaney et al. 2015) . For instance, an allele of Vkorc1 shared by old world mice contributes to rodenticide warfarin resistance in the recipient species (Song et al. 2011) , and an insecticide resistance mutation has been shared between Anopheles sibling species (Clarkson et al. 2014; Norris et al. 2015) . Next-generation sequencing based population genomic approaches can facilitate the understanding of speciation and the genetic interchange between sibling or closely related species (Miller et al. 2012; Martin et al. 2013; Liu, Steinberg et al. 2014; Gante et al. 2016) . For instance, recent speciation and rapid evolutionary adaptation in polar bears has been observed in previous population genomic study (Liu, Lorenzen et al. 2014) . Similarly, genome-wide introgression among distantly related Heliconius butterfly species has been reported . Here, we have generated and analyzed whole-genome sequence data of wild-derived BN rats and their sibling species to: i) estimate when BN rats and their sibling species diverged from the most recent common ancestor; ii) infer the demographic history of both species and their genetic interrelationships following the divergence; and iii) detect selective sweeps that occurred in the populations of the BN rat, so as to provide insight into adaptations to colonization of the rat species.
Results

Genome-Scale Sequencing and Population Relationship of the Two Rat Species
Forty-four BN rat individuals from seven locations across their native regions of China, representing different mitochondrial lineages , were collected ( fig. 1A , Supplementary table S1, Supplementary Material online). In addition, we also sequenced their sibling species, the HF rat, from three representative locations in its homeland (Aplin et al. 2008) . After aligning short reads to the reference genome (RGSC 5.0) and applying stringent quality control criteria, we identified a total of 28,411,473 single nucleotide polymorphisms (SNPs) within wild BN rats and 39,421,913 within HF rats ( fig. 1C) , and 8,153,619 SNPs were shared between the two species. Identity score analysis clearly illustrated that HF rats had less genomic similarity to the RGSC 5.0 reference genome than BN rats, especially in X chromosome ( fig. 1B,   Supplementary fig. S1 , Supplementary Material online). The nucleotide diversity in HF rats was higher than that in BN rats in both autosomes (median p HF(Auto) /p BN(Auto) ¼2.01; P < 2.2 Â 10
À16
, Wilcoxon rank-sum test) and sex chromosome (median p HF(Xchr) /p BN(Xchr) ¼1.78; P < 2.2 Â 10 À16 , Wilcoxon rank-sum test) ( fig. 1D, Supplementary fig. S2 , Supplementary Material online). More than 28% of SNPs (11, 333, 229) in HF rats were fixed, suggesting the divergence between the two species.
We then compared the SNPs that we had identified in wild BN rats with those from the laboratory rat strains (Atanur et al. 2013; Hermsen et al. 2015) . The average number of SNPs in the wild BN rats was 6.54 million per individual, which was higher than that in laboratory rat strains (3.46 million SNPs per individual). Approximately 85% (7,600,816) of the total variants in the laboratory strains were observed in our wild SNP data set, whereas more than 73% (20, 810, 657) of the total variants that we identified in the wild BN rats, including 1,229 nonsense variants and 81,728 missense variants, were absent in laboratory strains. These novel variants substantially expand the reservoir of rat genetic diversity.
Phylogenetic analysis using assembled mitochondrial genomes of the sequenced wild Rattus individuals and publicly available mitochondrial genomes of Rattus spp. confirmed the sibling relationship between the BN and the HF rat (Verneau et al. 1998; Pages et al. 2010) (fig. 2 ). Principal component and structure analysis could define the species relationship between these two species ( fig. 2) . By calculating the pairwise linkage disequilibrium (LD) between polymorphic sites for all autosome regions in each species, we found that LD decreased more rapidly in HF than in BN populations, which was consistent with the higher levels of nucleotide diversity observed in HF rats ( fig. 2 ).
Demographic History and Speciation of the Two Rat Species
Two models, "migration" and "no migration", were used in a Bayesian coalescent based approach (Generalized Phylogenetic Coalescent Sampler, G-PhoCS) (Gronau et al. 2011) to infer effective population size (N e ), divergence time, and rates of gene flow between BN and HF rat species. The estimated N e values for BN rats and HF rats were 2.53 Â 10 5 and 5.18 Â 10 5 , respectively, and the inferred ancestral N e was 3.71 Â10 5 ( fig. 3B ). The migration rate from HF rats to BN rats was 7.21 Â10 À2 per generation, which was higher than that from BN rats to HF rats (1.49 Â10 À2 per generation) ( fig. 3B , Supplementary table S2, Supplementary Material online). The estimated time when the two species diverged was 621.62-643.58 thousand years ago (kya), which was compatible with the divergence time inferred informally from pairwise sequentially Markovian coalescent (PSMC) analysis. It should be noted that the divergence coincided with the most extensive glaciation (Naynayxungla Glaciation, 780-500 kya) that occurred in East Asia during the Middle Pleistocene (Zheng et al. 2002) . According to data from the National Climatic Data Center (NCDC), both global sea level and surface air temperature fluctuated frequently during the past 1 million years. During the Quaternary Period Speciation and Introgression between Brown Norway Rats and Sibling Species . doi:10.1093/molbev/msx157 MBE of climatic changes, a more drastic reduction of N e occurred in BN rats than in HF rats based on inferences from PSMC analysis, and the most severe bottleneck in the BN rat populations occurred about 20 kya (Deinum et al. 2015) , the end of the Last Glacial Maximum ( fig. 3A) . Our results suggest that the drastic changes in the climate may have contributed to the speciation of these two species.
Discordance of Mitochondrial and Nuclear Evolutionary Histories in NY Population of the BN Rat Although principal component and structure analyses could define the species relationship between these two species, we found that the maternal genetic classification of NY population, which was collected from the Nanyang City in Henan Province of China and morphologically classified as BN rat species, did not follow taxonomic boundaries. In the mitochondrial phylogeny, individuals from this population were more closely related to HF rats than to the rest of BN rats ( fig. 2B ). However, phylogenetic tree based on autosome-wide SNPs exhibited a pattern different from that revealed from the mitochondrial genome, and the NY group was more closely related to nonNY BN rat individuals than to HF rats, in accordance with their morphological characteristics ( fig. 2A) . Three evolutionary scenarios, including ancient Speciation and Introgression between Brown Norway Rats and Sibling Species . doi:10.1093/molbev/msx157 MBE hybridization, recent hybridization, and incomplete lineage sorting, can be used to explain the discordance. According to the recombination-based test, the probability to retain a 100,000 bp fragment in the NY population due to incomplete lineage sorting was <1.11 Â 10
À16
. More than 100,000 bp introgressed fragments observed in the genomes of NY population indicates that another two scenarios, ancient or recent gene flow, may have occurred in the NY population after the divergence of the two species.
Geographically Wide Introgression between the HF Rat and the BN Rat
The discrepancy between mitochondrial and nuclear evolutionary histories suggests that, in NY population, gene flow occurred after the divergence of these two species. To determine whether admixture occurred more widely, we used the more sensitive D statistics (Green et al. 2010) to detect the admixture between each of deep-sequenced BN rats and each of HF rats from the genome level. Our D-statistic results provided clear evidence from the genome level that gene flow between the two species had a geographically wide impact, with DNA of HF rat being found within the genomes of sympatrically distributed BN rat individuals ( fig. 4A and Supplementary table S3, Supplementary Material online).
To further locate the regions of admixture in the genome of sympatrically distributed BN rats, we calculated the modified f-statistic (ƒ d ) (Martin et al. 2015) value for each 100 kb window with a step size of 20 kb across the genome. In autosomes of sympatrically distributed BN rats that we have sampled, we found 346 admixture blocks with the length from 100,000 bp to 1.42 Mbp ( fig. 4C , Supplementary table S4, Supplementary Material online), and the proportion of admixed fragments in the genomes of these rats was about 1.59%. The recombination rates within these admixed regions in allopatric BN rat population were higher than those within nonadmixed regions (P ¼ 1.04 Â 10
À9
, Wilcoxon rank-sum test). If these admixed regions were derived from random assortment of ancestral polymorphisms, they should exist in some populations before the divergence of the two species. As recombination can break up the haplotypes over time due to drift, we estimated the expected length of a shared ancestral sequence over the divergence time of the two rat species. Using 600 thousand years as the divergence time of the two rat species and a recombination rate of 0.0837 cm/Mb, the lower bound of recombination rate in these admixed regions estimated by FastEPRR (Supplementary table S4 , Supplementary Material online), we expected that the length of a shared ancestral sequence was about 1,991 bp, and the probability to retain a 40,000 bp fragment was 3.97 Â 10
À8
. Thus, the admixed regions in the genomes of BN rats were unlikely to be retained due to incomplete ancestral lineage sorting. Using the length of each introgressed tracts as the expected length and the inferred recombination rates of local regions, we estimated the ages of each introgressed regions. We found that these admixtures occurred across a broad range of time scales from 300 to 9,500 generations.
Identification and Annotation of Putative Adaptive Introgressed Loci
Statistics based on allelic frequencies of introgressed loci in a specific admixed population related to nonintrogressed populations were particularly efficient in detecting adaptive introgression (Racimo et al. 2015 (Racimo et al. , 2016 . Integrative analysis of allele frequencies in sympatric and allopatric populations of BN rats and genetic differentiation between these two populations, we identified 92 putative adaptive introgressed loci from the 346 introgressed regions (Supplementary table S5 
E R S 2 1 5 7 9 0 E R S 2 1 5 7 9 1 E R S 2 1 5 7 9 2 E R S 2 1 5 7 9 3 E R S 2 1 5 7 9 4 E R S 2 1 5 7 9 5 E R S 2 1 5 7 9 6 E R S 2 1 5 7 9 7 E R S 2 1 5 7 9 8 E R S 2 1 5 7 9 9 E R S 2 1 5 8 0 0 2.0e−07 Speciation and Introgression between Brown Norway Rats and Sibling Species . doi:10.1093/molbev/msx157 MBE rat contains vomeronasal 1 receptor cluster ( fig. 4D-H) . In mice, genes related to such chemical communications have been enriched in introgressed haplotypes of its subspecies (Staubach et al. 2012; Janousek et al. 2015) , and they are easily subject to population-specific adaptations (Teeter et al. 2008) . It is conceivable that the adaptive introgressed regions related to chemical communications may have contributed to the population-specific adaptations of the admixed BN rats. Another example of adaptive introgressed region is 620,000 bp in chromosome 11, which contains only one gene, Hmgb2. Although Hmgb2 is broadly expressed during mouse embryogenesis, it is restricted in adult lymphoid organs and testes, and male Hmgb2 À/À mice have defects in fertility (Ronfani et al. 2001) , which indicating the role of Hmgb2 in the differentiation of germ cell (Ronfani et al. 2001 ) and mesenchymal stem cell (Taniguchi et al. 2011) . The introgression of this gene might contribute to an individual's reproduction ability of the admixed BN rats.
Selective Sweeps in the BN Rat Genome
Based on integrative analysis of multilocus allele frequency differentiation, linkage disequilibrium and genetic polymorphism, we identified 325 candidate selective sweep regions that occurred in the autosomes of the BN rat ( fig. 5A and Supplementary table S7, Supplementary Material online). Gene over-representation analysis for protein-coding genes harbored in these regions revealed two major categories: metabolism and immune response ( fig. 5D and Supplementary table S8, Supplementary Material online). Genes related to metabolism were particularly interesting, because food source for commensal BN rats provided by humans might have been the driving force for the selective sweep of these kinds of genes. Multiple regions involved in lipid metabolic process (GO:0006629), response to nutrient (GO:0007584), response to drug (GO:0042493), and xenobiotic metabolic process (GO:0006805), showed evidence of positive selection. An example of such region is the one containing Acsl1, liver acylCoA levels are reduced when Acsl1 is conditionally knocked out in the mouse liver ). Another example is the region harbored Acacb. Mice for a null mutation of Acacb exhibit high levels of fatty acid oxidation, and low levels of fat accumulation in their adipose tissue and liver (Abu-Elheiga et al. 2001) . Genes related to immune response might contribute to the defense response of BN rats to their external habitat. Several sweep regions containing genes involved in immune response, including response to interferon-gamma (GO:0034341), complement activation (GO:0006956), innate immune response (GO:0045087), and mast cell mediated immunity (GO:0002448), were observed in our integrative analysis. Three representative genes located in such sweep regions were Trib1, Anxa1 and Serpinb9, and loss of function or mutation of each gene has been associated with defects in immune response (Hannon et al. 2003; Zhang et al. 2006; Yamamoto et al. 2007 ). For example, mutations in Anxa1 result in increased inflammatory response and decreased macrophage activity (Hannon et al. 2003) , and homozygous mice with null mutation of Serpinb9 show defective cytotoxic T lymphocytes immunity (Zhang et al. 2006 ).
The most prominent signature of allele frequency differentiation was located on chromosome 2 ( fig. 5A) , which was further supported by the strong evidence of cross-population extended haplotype homozygosity ( fig. 5B ) and reduced nucleotide diversity (fig. 5C ). The gene harbored in this region was Msh4, which has been implicated in reproduction of mice. As a member of the DNA mismatch repair mutS family, Msh4 plays a role in directing the recombinational repair of DNA double-strand breaks during meiosis (Novak et al. 2001; Nishant et al. 2010) . Both male and female mice for a Msh4 null mutation show sterility and defects in pairing during meiosis (Kneitz et al. 2000) . Multiple SNPs within this regions were found in the wild BN rat genome ( fig. 5E ), and two fixed missense mutations were present at conserved sites within the Msh4 gene ( fig. 5F ). Although their functional effect need further characterized, these missense mutations provided an intriguing resource for understanding the adaptation of the species.
Neural activities related to alertness, anxiety, and aggression are essential for survival of animals (Steimer 2002). Three anxiety-and aggression-related regions were observed in our research. One such region is denoted by the Gad2 gene in chromosome 17, which is responsible for GABA synthesis for synaptic release, and mutations of this gene have been implicated in anxiety-like behavior and intermale aggression (Stork et al. 2000) . A further two regions harbored protein-coding genes, Vamp7 and Park2. Mice for Vamp7 knock-out exhibit increased anxiety (Danglot et al. 2012) , and transmission of dopamine and glutamate is impaired in Park2 À/À mice, leading to decreased exploratory behavior (Cremer et al. 2015) . Additionally, several regions involved in sensing local environmental stimuli (hearing or smell) were also identified to be under positive selection in the BN rat genome. The results suggest that functional categories involved in metabolism, immune, and defense response might contribute to the adaptation of wild BN rats to their habitats.
Discussion
In the present study, using whole-genome sequencing, we generated a comprehensive resource on rat genetic variation and identified more than 20 million genetic variants that were absent in laboratory strains. These novel SNPs provide a valuable resource for identifying functionally important variants that contribute to the complex phenotypes of this model organism. Further, we performed de novo genome assembly for three Rattus species (R. nitidus, R. tanezumi, and R. rattus), and generated 2.5-2.7 Gb genome survey sequences of each species, which provided an ideal data set for comparative genomic analyses of the Rattus genus. Two important parameters in population genetics, N e and recombination rate, were estimated in our study. Based on 4-fold degenerate sites of 12 wild-caught BN rats within one population, Deinum et al. estimated the recent N e of BN rat was 1.24 Â 10 5 (Deinum et al. 2015) . Using a Bayesian coalescent analysis based on 4,542 autosomal, unlinked, and neutrally evolving 1-kb loci from multiple populations, we inferred N e value for BN rats was 2.53 Â 10 Speciation and Introgression between Brown Norway Rats and Sibling Species . doi:10.1093/molbev/msx157 MBE magnitude as that in Deinum et al.'s study. Using machine learning approach based on the intraspecific DNA polymorphism data of autosome (Lin et al. 2013; Gao et al. 2016) , we estimated that the recombination rates for 100 kb windows in wild BN rats ranged from 0.0073 to 0.5832 cM/Mb with an average of 0.3873 cM/Mb when assuming N e of 2.53 Â 10 5 . This average rate was about 62% of that (0.62 cM/Mb for autosome) reported in Jensen-Seaman et al.'s study (JensenSeaman et al. 2004 ). If a smaller N e of 1.24 Â 10 5 was used as suggested by Deinum et al. (2015) , this rate would increase by a factor of two. In Jensen-Seaman et al.'s study, it was estimated based on intercrosses between specific inbred rat strains without considering variation within the species (Jensen-Seaman et al. 2004) . Given that there is variation in the rate of recombination between individuals of other species (Koehler et al. 2002; Kong et al. 2002) , Jensen-Seaman et al.'s estimation might not hold for the species generally (Jensen-Seaman et al. 2004 ). The recombination rate we provided herein for BN rats were based on multiple wild populations, and it may be a more reliable estimation for the species, which may facilitate future studies on evolutionary genomics and dissection of complex traits of the rat species.
Compared with their geographically restricted sibling species, the globally distributed species of BN rats exhibited the lower levels of nucleotide diversity in accordance with their more drastic declining of N e during period of Quaternary climatic changes. Based on the extant distribution of the HF rat (Aplin et al. 2008; Smith et al. 2008) (fig. 1A) , we inferred that the less intensive response of ancestral N e to Quaternary climatic changes in HF rats might have resulted from their distribution around the Qinghai-Tibet Plateau. Similarly, multiple glacial refuges around the Plateau during Pleistocene climate fluctuations have been reported in some animals (Qu et al. 2010; Zhan et al. 2011; Hofmann 2012) . The impact of PlioPleistocene climatic oscillations on the current genetic structure of many animals is widely recognized (Roy et al. 1996; Liu et al. 2011; Zhan et al. 2011; Hofmann 2012; Miller et al. 2012; Stewart and Stringer 2012; Zhao et al. 2013 ), but their importance in driving speciation remains elusive (Lovette 2005; Hoskin et al. 2011) . Through a Bayesian coalescent-based approach, we inferred that the estimated time of divergence between the two species coincided with the period of most extensive glaciation in east Asia during the Middle Pleistocene (Zheng et al. 2002) . During that time, the global sea level and the surface air temperature fluctuated frequently. Climate may drive speciation through at least two mechanisms: firstly, the extreme climatic conditions impose divergent selection on populations that occupy different habitats, and secondly, differences in climate over geographical space serve as a barrier to dispersal between allopatric populations (Hua and Wiens 2013) . Although we cannot identify the specific mechanism of the speciation, we here provide evidence to support the climatically induced speciation model.
It is surprising that little is known regarding the genetic background of the adaptations of the BN rat, the most common and successful mammalian species (Fragaszy and Perry 2003) . In the present study, we found that multiple genes involved in metabolism, immune and defense response had undergone positive selection in its genome, which suggests the essential role of these kinds of genes in the adaptation of wild BN rats to their habitats. Introgression from closely related species is another important source of genetic variation in natural populations, and adaptive introgression may lead to rapid adaptation of some mammalian species than the process with mutation and selection alone (Abi-Rached et al. 2011; Miller et al. 2012; Ai et al. 2015; Racimo et al. 2016) . For example, introgression of one Vkorc1 allele contributes to rodenticide resistance in the recipient mouse species (Song et al. 2011) , and an mutation related to insecticide resistance has been introgressed between Anopheles sibling species (Clarkson et al. 2014; Norris et al. 2015) . Even for humans, some research found modern humans had inherited alleles critical to immune function from an ancient admixture with archaic humans (Abi-Rached et al. 2011) . Through our population genomic analysis, we found that admixture had occurred between the BN rat and its sibling species, and the recombination rates within the admixed regions were significantly higher than those within nonadmixed regions. Considering the divergence time of the two species, the length and local recombination rate of the admixed regions, we inferred that the admixed regions resulted not from ancestral polymorphism, but from the gene flow after the divergence of these two sibling species. Increased allelic frequencies of introgressed loci in a specific admixed population due to positive selection, were particularly useful for detecting adaptive introgression (Racimo et al. 2015 (Racimo et al. , 2016 . Using this strategy, we identified 92 putative adaptive introgressed loci in the sympatric BN rat population. Functional enrichment analysis of candidate genes included in the adaptive introgressed regions revealed "chemosensory perception" terms. Similarly, these gene terms have been enriched in the introgressed haplotypes between house mouse subspecies (Staubach et al. 2012; Janousek et al. 2015) . Rodent olfactory receptors acting at the cell periphery often undergo rapid molecular evolution and extensive segmental duplications (Godfrey et al. 2004; Park et al. 2011) , and in mice they are easily subject to population-specific adaptations (Teeter et al. 2008; Staubach et al. 2012; Janousek et al. 2015) . The adaptive introgressed regions related to chemical communications might contribute to the population-specific adaptations of the admixed BN rats. Our study provided the first example that the effect of interspecific introgression on the adaptation of the rat species. In addition to our case, other interspecies hybridization or introgression events might exist in the species. Similarly, multiple introgression events have been reported between house mouse subspecies (M. m. domesticus and M. m. musculus) (Staubach et al. 2012; Janousek et al. 2015) , and between M. m. domesticus and M. spretus (Song et al. 2011; Liu, Steinberg et al. 2014) . However, consequence of natural selection on other kinds of genetic variations, such as copy number variation and structural variation, might also contribute to the adaptation of the species, and their roles in adaptation and colonization of the widespread species need to be further investigated.
In summary, we reveal the speciation between the BN rat and its sibling species, and present evidence that interspecies Teng et al. . doi:10.1093/molbev/msx157 MBE introgression has contributed to the population-specific adaptations of BN rats. Our data offers new insights into the role of climatic changes in speciation of animals and the effect of interspecies introgression on animal adaptation.
Materials and Methods
Samples, DNA Extraction, and Library Preparation Ninety-two BN rat and HF rat individuals from the original homeland of these two species (Silver 1937; Southern 1964; Aplin et al. 2008; Ness et al. 2012; Song et al. 2014) , were trapped and identified using mitochondrial cytochrome oxidase subunit I (COI) as barcode in 2014, and relatedness of samples from the same locality were assessed using sequences of mitochondrial COI, cytochrome B, and D-loop regions before whole genome sequencing. And then, 32 BN rat individuals from seven locations and seven HF rat individuals from three populations were selected for whole genome sequencing ( fig. 1A ). An individual of Asian house rat (R. tanezumi) was also used in this study as an outgroup (Teng et al. 2016) . Genomic DNA samples were extracted from small pieces of tail using a TailGen DNA extraction Kit (CWBIO, Beijing, China). The quality and integrity of the extracted DNA were checked by measuring the A260/A280 ratio, using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA), and by agarose gel electrophoresis. Libraries with an insert size of $300 bp were prepared, and sequenced at 2 Â 100 bp on an Illumina HiSeq 2000 instrument in Beijing Institutes of Life Science, Chinese Academy of Sciences (Beijing, China), or 2 Â 150 bp on HiSeq X Ten instrument in Novogene Bioinformatics Institute (Beijing, China), respectively. The raw sequencing data sets are deposited in SRA (http://www.ncbi.nlm.nih. gov/sra/) under accession number: SRP078989. Our previously generated 12 whole genome sequences of wild-caught BN rat individuals from their potential ancestral ranges and the whole-genome sequence of an individual of the European house rat (R. rattus), also known as the black rat, were reanalyzed in this study (Deinum et al. 2015) . After filtering out raw sequencing reads containing adapters, and reads of low quality, the remaining clean reads were aligned to the RGSC5.0 reference genome using BWA version 0.7.5a-r405 with default parameters (Li and Durbin 2009 ).
Small-Variant Calling
SNPs were detected using the Genome Analysis Toolkit (GATK version 3.2-2-gec30cee) HaplotypeCaller (McKenna et al. 2010) according to the recommendation of GATK Best Practice (https://www.broadinstitute.org/gatk/guide/ best-practices.php). Briefly, before variants calling, the aligned data were processed with the following steps: i) duplicate reads were masked independently for each library using Picard v1.119 (http://sourceforge.net/projects/picard/); ii) reads were realigned around the InDels; iii) 1,726,154 SNPs shared between the top 30% of high-quality SNPs in the data set of laboratory rat strains (Atanur et al. 2013 ) and dbSNP138 were used as the training set for the variant quality score recalibration function of GATK to exclude sequencer, alignment, or data-processing artifacts 
Genome-Wide Identity Scores
Similarities of the deep-sequenced genomes to the RGSC5.0 reference genome were calculated and visualized as the average of the identity scores of individual SNPs within 50 kb windows along the genome, according to the formula described by Ai et al. (2015) .
De Novo Assembly of Nuclear and Mitochondrial Genome
The sequence reads of a representative individual from each of the three nonreference species, R. nitidus, R. tanezumi, and R. rattus, were assembled separately using SOAPdenovo V 2.04 (Luo et al. 2012 ) with the following parameters: -K 41 -R -M 2 -m 63 -E -F -w -k 41. In addition, we used BWA version 0.7.5a-r405 with default parameters to align the reads from each sample to the RGSC5.0 mitochondrial reference sequence. These aligned reads were used as input to assemble the mtDNA genome of each sample using the referencebased assembler mitoMaker v1.14 (http://sourceforge.net/ projects/mitomaker/).
Population Structure Analyses
To investigate the population relationship within HF and BN rat species, a neighbor-joining phylogenetic tree was constructed by means of MEGA-CC (Kumar et al. 2012) , with P-distance model and bootstrap analysis using all identified SNPs. Published mitochondrial genome sequences of Rattus genus (accession numbers listed in fig. 2B ) were downloaded from GenBank. Phylogenetic analyses based on the sequences of 13 mitochondrial protein-coding genes were conducted using MrBayes v3.22 (Ronquist et al. 2012) . Genetic structure was assessed using principal component analysis (PCA) with all bi-allelic SNPs Price et al. 2006) . ADMIMXTURE was also employed to analyze the population structure (Alexander et al. 2009 ). To mitigate the effects of linkage disequilibrium (LD) on genetic structure, we pruned the markers using the "-indep-pairwise 50 5 0.05" option of PLINK (Purcell et al. 2007 ).
Genetic Diversity and LD Analyses
Pairwise nucleotide diversity and Tajima's D value within BN or HF rat species were calculated using VCFtools version 0.1.13 (Danecek et al. 2011 ) by means of the p (-site-pi) and the Tajima's D (-TajimaD) with 100 kb sliding window, respectively. All individuals of HF rats were used to estimate LD. To mitigate the effect of sample size on LD, seven randomly selected deep-sequenced individuals of BN rats were used to calculate the correlation coefficient (r2) between any two loci on each autosome by means of Plink v1.90 (Purcell et al. 2007 ) with the option of "-r2 -ld-window 3000 -ldwindow-kb 200 -ld-window-r2 0 -maf 0.05 -hwe 0.05." The Speciation and Introgression between Brown Norway Rats and Sibling Species . doi:10.1093/molbev/msx157 MBE average r2 was calculated for pairwise SNPs in a 20-bp window with an in-house Perl script.
Analysis of Local Recombination Rate
To obtain local recombination rate of different regions across the BN rat genome, we performed recombination rate analysis using a machine learning approach implemented in FastEPRR with the nonoverlapped sliding window length of 100 kb (Lin et al. 2013; Gao et al. 2016 ). The local recombination rate was estimated based on the intraspecific DNA polymorphism data of whole BN rat population according to the formula: q ¼ 4N e Â r. To exclude the effect of introgression on the estimation, we also estimated the local recombination rate based on the DNA polymorphism data of allopatric BN rat population. Our previously reported N e (Ness et al. 2012; Deinum et al. 2015) and the size inferred by the following G-PhoCS was both used in the estimation.
Inference of Demographic History and Population Divergence Time
In order to obtain a detailed population history and changes in ancestral population sizes in response to Quaternary climatic change, we used PSMC (Li and Durbin 2011) to analyze our deep-sequenced genomes, using 0.5 years for the generation time, and 2.96 Â 10 À9 per site per generation for the mutation rate according to our previous report (Ness et al. 2012; Deinum et al. 2015) . We downloaded data (ID: noaarecon-11932) of atmospheric surface air temperature relative to present ( C) and global sea level relative to present (10 m) for the past 1 million years from the NCDC (http://www.ncdc. noaa.gov/). We also used G-PhoCS (Gronau et al. 2011 ) with a model of no gene flow and bi-directional gene flow to infer Ne, migration rate, and divergence time between the BN and HF rats. A total of 4,542 autosomal neutral loci of 1 kb in length were selected along the genome according to the following criteria: i) these loci contained no coding DNA, no EST, and no LincRNA (NONCODEv4) ; ii) no RepeatMasked and simple repeat elements and no segmental duplications in the reference genome; iii) no N's in the reference genome; iv) mean score of PhastCons within 1kb of <0.5; v) at least 100 kb away from any known gene; and vi) interlocus distance of these loci was more than 50 kb. One million iterations were run with the first 10% iterations discarded as burn-in, and the convergence of Markov chain Monte Carlo (MCMC) algorithms was evaluated by Tracer v1.6 (Rambaut et al. 2014) . N e for each species was calculated according to the formula: N e ¼ h/ (4 Â m), where h refers to the mutation rate of the species. The divergence time (T) between the two species was inferred using the same generation time, and the same mutation rate as described above according to our previous report (Ness et al. 2012; Deinum et al. 2015) . G-PhoCS infers the migration rate from the source species (S) to the target species (T) as m SÀT , which can be converted into migrants from S to T per generation (M SÀT ) with M SÀT ¼ m SÀT Â h T , where h T is the population mutation rate of the target population.
Detection of Admixture
Patterson's D statistic (Green et al. 2010; Durand et al. 2011 ) was used to examine whether some individuals of BN rat shared more alleles with HF rats than with other individuals of BN rats. A tree topology from sites covered by the four individuals as [[[H1, H2] , H3], O], using European house rat as an outgroup (O), was used to test whether two conspecific individuals, H1 and H2, shared more alleles with a candidate introgressor, H3. For sites where European house rat possessed the ancestral allele "A" and H3 possessed the derived allele "B," we calculated the presence of the "ABBA" pattern, versus the "BABA" pattern in the topology. A 5-Mb block size was used to calculate the "ABBA" and "BABA" pattern, and the standard error for both estimates was calculated using a weighted block jack-knife (Green et al. 2010) . Analyses for all combinations of pairs of deep-sequenced individuals of BN rats and candidate introgressors of HF rats were performed. Following the detection of gene flow among individuals at the genome level, we used a modified ƒ (d) to locate introgressed loci (Martin et al. 2015) at the population level, using a 100-kb sliding window with 20-kb stepping. The frequency of the derived "ABBA" and "BABA" allele at each site (Martin et al. 2015) in each P A , P S , P HF , and outgroup population was used, where P A and P S represent allopatrically and sympatrically distributed populations of BN rats compared with distributions of HF rat population (P HF ), respectively. Then, P values were estimated based on Z-transformed ƒ (d) values using the standard normal distribution, and were further corrected by multiple testing using the Benjamini-Hochberg false discovery rate (FDR) method (Benjamini and Hochberg 1995) . Windows with positive ƒ (d) values and FDR values <0.05 were selected, and then the selected windows that were 100 kb apart were merged into a single region and regarded as introgressed regions. Mean pairwise sequence divergence (d xy ) between the two sibling species was also calculated using a 100-kb sliding window with 20-kb stepping (Martin et al. 2015) .
Probability and Expected Length of Introgressed Regions from Shared Ancestral Lineage
The distribution of local recombination rate of admixed blocks in the BN rat genome was examined. A recombination-based test (Huerta-Sanchez et al. 2014 ) was then used to assess the incomplete lineage sorting model under the hypothesis of the putative introgressive haplotypes existed in some BN rat genomes before the divergence of the HF and BN rat species. The expected length of a shared ancestral sequence (L) can be calculated as 1/(r Â t) (HuertaSanchez et al. 2014) , where r is the recombination rate per generation per base pair of local region, t is the generation since admixture. Assuming an exponential distribution of the length of admixed tracts, the expected length of observing the sibling species' nucleotide at a specific position of BN rats is the sum of two exponential random variables with expected lengths L, and it follows a Gamma distribution with shape parameter 2 and rate parameter 1/L (Huerta-Sanchez et al. 2014). Therefore, the probability of a length of at least m bp is Teng et al. . doi:10.1093 /molbev/msx157 MBE 1-Gamma (m, shape ¼ 2, rate ¼ 1/L). We estimated such probability for each putative introgressive region.
Differences in Allele Frequency of Introgressed Regions between Populations of BN Rats
Allele frequencies in selected regions can be increased over time due to positive selection. Among the approaches used for detecting selection on introgressed DNA, the approach based on significantly high frequencies of an introgressed fragment in a specific population, may be less likely to be misled by introgression than other methods based on pattern of polymorphism and haplotype structure (Racimo et al. 2015) . Since the pattern within introgressed genomic region may be different than expected under a neutral model with no introgression, which may be misinterpreted as evidence of selection by other methods. For each SNP, population differentiation (Weir and Cockerham estimator of F ST ) between allopatrically and sympatrically distributed populations of BN rats and allele frequencies in each population were calculated using vcflib (https://github.com/vcflib/vcflib, September 2014). Then, the mean allele frequency and F ST in 100 kb sliding windows with a step size of 20 kb across the genome were calculated. Introgressed regions containing high-F ST outliers (corresponded to the upper 5% of the empirical genomewide distribution of F ST ) and higher allele frequency in sympatric than allopatric populations of BN rats were identified as adaptive introgressed regions. To characterize the molecular functions of genes contained in adaptive introgressed regions, we performed functional enrichment analysis using the clusterProfiler toolkit (Yu et al. 2012 ).
Detection of Selective Sweep in the BN Rat Genome
Three different approaches that based on decay of haplotype homozygosity, multilocus allele frequency differentiation or reduced nucleotide diversity were used in our study. First, we performed a multilocus allele frequency differentiation scan using an updated cross-population composite likelihood approach XP-CLR, which statistic is particularly robust to ascertainment bias and population demography . A 0.039 cM sliding window with 2,000 bp steps across the whole genome was used for scanning, and the number of SNPs assayed in each window was set to 100. Then, the mean likelihood scores in 100 kb sliding windows with a step size of 20 kb across the genome were calculated. To determine cutoffs for sweep statistics under a neutral scenario, we employed whole-genome simulation of the discrete time Wright-Fisher process using ARGON (Palamara 2016) . We simulated 500 regions of 10 Mb size using ARGON (Palamara 2016) with the parameter of each species as inferred by GPhoCS and PSMC. Based on these simulated data, we performed a multilocus allele frequency differentiation scan using XP-CLR with the same parameters that were used to analyze the real data. The P value of each observed data was assigned as the proportion of the simulated XP-CLR values that exceed the value of the statistic actually observed (Bramanti et al. 2009; Vatsiou et al. 2016) , and were further corrected by multiple testing using the Benjamini-Hochberg false discovery rate (FDR) method (Benjamini and Hochberg 1995) . Windows with FDR values <0.05 were selected, and adjacent windows with a distance of <100 kb were grouped to represent a single selective sweep.
Cross-population extended haplotype homozygosity (XP-EHH) test was also used in our study to scan putative regions of positive selection that occurred in BN rat genomes. Standardized XP-EHH statistics for each SNPs with crosspopulation comparison of BN rats with HF rats were estimated using XP-EHH (Sabeti et al. 2007 ). P value of each SNPs was estimated using the normal distribution of standardized XP-EHH value (Sabeti et al. 2007 ). The significant SNPs (P value < 0.05) with a distance of <100 kb were clustered as candidate regions for further analysis.
A reduced level of genetic polymorphism in one subpopulation may be indicative of a recent selective sweep (Malinsky et al. 2015) . Genome regions show reduced nucleotide diversity in the BN rat species were identified if they corresponded to the upper 5% quantile of the ratio of p HF / p BN from the genome-wide distribution. The overlapping regions detected by all the three approaches were determined as candidate regions under positive selection. To characterize the molecular functions of the genes contained in selective sweep regions, we performed functional enrichment analysis using the clusterProfiler toolkit (Yu et al. 2012) .
